Purpose: This study aimed to characterize the challenges in using genetic information in health care and to identify opportunities for improvement. Methods: Taking a grounded theory approach, semistructured interviews were conducted with 48 participants to collect multiple stakeholder perspectives on genetic services in New Zealand. Results: Three themes emerged from the data: (1) four service delivery models were identified in operation, including both those expected models involving genetic counselors and variations that do not route through the formal genetic service program; (2) multiple barriers to sharing and using genetic information were perceived, including technological, organizational, institutional, legal, ethical, and social issues; and (3) impediments to wider use of genetic testing technology, including variable understanding of genetic test utilities among clinicians and the limited capacity of clinical genetic services. Targeting these problems, information technologies and knowledge management tools have the potential to support key tasks in genetic services delivery, improve knowledge processes, and enhance knowledge networks. Conclusion: Because of the effect of issues in genetic information and knowledge management, the potential of human genetic variation knowledge to enhance health care delivery has been put on a "leash." Genet Med 2011:13(1):26 -38.
O ur understanding of the genetic component of diseases has increased significantly, especially since the completion of human genome sequencing in 2003. 1 Applying human genetic variation knowledge, where associations between genetic variations and conditions are identified, clinical genetic services provide genetic testing and results interpretation for patients and families with existing or suspected genetic disorders. 2 The US National Library of Medicine defines genetic testing as a type of medical test that identifies changes in chromosomes, genes, or proteins. 3 Medical genetic testing referrals can be made by clinical geneticists, genetic counselors, and primary or specialty care providers. 2 It is surprising that health care has not been transformed by the revolution of (molecular) genetic testing, as predicted by many. 4 -8 Genetic test results, along with the information gained from family history and physical examination, can be used to diagnose medical conditions, to assist in reproductive decision making, to predict future risks to health, and to suggest treatment in patient care. 9, 10 The use of genetic information and its ability to predict susceptibility to disease or guide proactive care suggest the potential of personalized medicine to transform health care systems. 11 However, there is ongoing debate around the utility of medical genetic testing and the scope for genetic intervention. 12 The technology of genetic testing is complicated and has limitations. There is a poor understanding of the utility and clinical validity of genetic tests outside of the specialist setting and notably a lack of practical knowledge among general practitioners (aka family physicians or GPs). 13 This knowledge deficit issue was also reported in the United States, 14 the United Kingdom, 15, 16 and Australia. 17 In addition, there is a lack of principles or strategies for handling genetic information in health systems. Adding to this complexity is the sensitivity of medical genetic test results, which presents challenges for managing and sharing these data among care givers to improve health and for data dissemination to facilitate knowledge management (KM).
Given these challenges, this study examined the perspectives of stakeholders in New Zealand on the use of genetic information in health care. This study aimed to analyze the range of practice in use of information relating to genetic services and to uncover perceived gaps and opportunities within the existing information technology (IT) environment. This investigation provides groundwork for refining KM processes to meet the needs of people using and working in genetic services delivery by understanding:
How does the New Zealand genetic services system work? How should it work in the future? What are the barriers to sharing and using genetic information? Why is genetic testing technology not more widely used in clinical practice? What are the KM requirements from genetic services stakeholders? What are their experiences, expectations, and concerns?
With no assumed answer to these questions, we developed our grounded theory on systematically collected data, including interview transcripts, literature, and organizational documents, as well as our notes during the research.
METHODS
Medical genetics is a relatively new science with new and sometimes conflicting knowledge emerging at a rapidly increasing rate. 15 Therefore, we decided to use grounded theory to tease out information management and KM challenges that are specific to medical genetic testing and the associated clinical care. Grounded theory is an inductive methodology to generate theories through a rigorous research process leading to the emergence of conceptual categories; and these concepts as categories are related to each other as a theoretical explanation of the actions that continually resolve the main concern of the participants in a substantive area. 18, 19 We took the classic grounded theory approach to develop an understanding of the New Zealand genetic services system and of the stakeholder perspectives concerning genetic information and KM issues.
A semistructured interview schedule was developed for the purpose of gaining ethics approval (which was granted by the University of Auckland Human Participants Ethics Committee). This schedule was adjusted as the interviews developed. Questions on the schedule were used as prompts for interviewees to talk about topics, themes, ideas, and concepts that they felt were key to the research topic. These questions include "What do you think would be the appropriate means of distribution for genetic testing results?" "What changes would you like to see in handling and managing genetic information?" and "What are the current and potential challenges from your point of view?" Convenience sampling was used to start collecting interviews with patients, doctors, genetic counselors, and genetic testing laboratory scientists. Snowballing occurred as we conducted interviews and asked interviewees for suggestions about whom to include in the study. Although the theory was emerging, we used the method of theoretical sampling to gain insights from particular groups of stakeholders, e.g., medical specialists, patients, and health insurance providers.
Data analysis was conducted as interviews proceeded until we reached data saturation (i.e., we were hearing repeated opinions and few new topics). The interview transcripts were processed by multiple coding (line-by-line open coding in QSR NVIVO software, 20 axial coding, and selective coding) and constant comparative analysis, as suggested by Strauss and Corbin. 21 The elements of our grounded theory, including the data categories, properties of category, and themes, were identified during this process. We applied the interpretivist paradigm, especially the hermeneutics principle, 22 to interpret multiple perspectives. We also took a general inductive approach 23 to summarize the data categories from participant comments and to identify relationships among these categories and their properties. Three themes emerged from these relationships, which led to the development of our final theory. In addition, the analytic comparison strategy 24 with a critical view 25 was adopted to identify differences among all the data gathered in this study, including interview data incidents, multiple perspectives, actual operations, and organizational policies or literature.
The interview findings that emerged from the above process were triangulated and verified by cross examination from multiple data sources. These data include organizational documents, guiding policies, literature, and our notes. Additional triangulation was achieved using the semantic space modeling technique by Burgess and Lund, 26 hyperspace analog to language (HAL). This allowed us to test our grounded theory for bias, including researcher subjectivity as mentioned by Klein and Myers 27 and Kock. 28 HAL modeling generates a term-term matrix; and term frequencies are calculated according to the degree terms cooccur within a sliding window. 29 We moved a window 10 words in width across the interview transcripts (after discarding stop words and the interviewer's questions), and wherever two words occurred within the window, the value at their intersection in the HAL matrix was incremented; thus, the text was converted to a high-dimensional semantic space, as described by our colleagues in applying HAL for breast cancer web pages analysis. 30 We used HAL matrixes at two points in the data analysis. First, after open coding on the first 10 interview transcripts, we calculated the 40 terms whose HAL vectors had the largest sum based on the interview data (basically, frequent terms). These 40 terms were then used to identify meaningful markers to inform summarization of data categories and properties from the transcripts. The second use of HAL calculations was to triangulate our final results against quantitative matrixes of HAL. We generated two HAL matrixes from all interview transcripts and compared the features of these matrixes to our theory. In particular, we verified that the concepts in our qualitatively developed grounded theory fell into the most frequently cooccurring pairs of terms according to HAL.
Analysis of IT and KM opportunities was based on participant comments and requirements, also based on our review of literature in health informatics, bioinformatics, KM, regulations, and policies. The collective opinions, triangulated by literature, were summarized to derive a set of promising technologies to support genetic services delivery in the future.
RESULTS
This study collected multiple stakeholders' perspectives on New Zealand genetic services by semistructured interviews with 48 participants in 37 sessions. (Some discussions were attended by multiple participants, who work in the same laboratory or regional office.) As listed in Table 1 , we involved a total of 48 research participants representing nine categories of stakeholders in the clinical genetic services system (where often an individual had more than one role).
Data categories
General inductive analysis was conducted based on the open coding results of the first 10 transcripts. These 10 sessions collected perspectives from patient/family member, researcher, governance, health care provider, genetic counseling professional, genetic testing laboratory, and IT professional. After open coding, we calculated a HAL 40 ϫ 40 matrix on these 10 transcripts to characterize the context of the 40 most prominent terms; that is, those whose vectors have the largest sum in the HAL matrix. (Given the derivation of HAL, these should be 1. Stop words, e.g., "time" and "part." 2. Merely components of the overall topics of the interviews, e.g., "genetic," "information," and "testing." 3. Obviously subsumed in the concept of another term, e.g., "breast" as in "breast cancer."
Having identified 19 terms that would be informative for producing data categories or properties, we grouped these 19 words, as per Table 2 .
On the basis of the semantically meaningful markers in Table  2 , we highlighted the 19 terms with colors in the interview transcripts. Assisted by these colored markers, we read the transcripts again, compared among data incidents, and reexamined the open codes to identify data categories and properties. Manifestation of the data categories was also helped by an exercise of summarizing and conceptualizing participant comments into around 180 brief statements, printing and cutting these statements into paper slips, then grouping the slips into categories manually. Five categories of topics were discussed by the participants that are relevant to the use of information during genetic services delivery processes. These data categories were enriched with more incidences and confirmed later to be the most frequent issues by the rest of interviews as we approached data saturation.
Category 1: The clinical utility of genetic testing
One frequent topic in the conversations was whether genetic testing is useful in health care. The interviews collected mixed perceptions of genetic test utilities. Participants' understanding of the clinical utility of genetic tests varied according to their roles, experience, and knowledge. Genetic testing technology is believed to have great complexity in some cases. One complexity, particularly as a barrier to health care providers, is the lack of information about test prevalence and penetrance. Nonetheless, genetic testing was reported to have the potential to produce critical information for:
• Diagnosis, e.g., the human ether-à-go-go-related gene test for type 2 long QT syndrome diagnosis.
• Treatment, e.g., the human epidermal growth factor receptor 2 test in choosing breast cancer therapy.
• Predicting cancer occurrence risk or assessing cancer recurrence risk, therefore directing surveillance and preventive management such as mastectomy, or treatment, e.g., the BRCA1, BRCA2 tests, and the multigene expression array test using MammaPrint 31 or Oncotype. 32 • Checking carrier status and pregnancy planning, e.g., Delta F508 mutation detection for cystic fibrosis, which may encourage a couple to pursue preimplantation genetic diagnosis with in vitro fertilization.
• Lifestyle planning, e.g., the huntingtin gene presymptomatic test for Huntington disease.
• Avoiding adverse drug reactions, e.g., in prescribing warfarin and azathioprine.
Despite all the above clinical utilities identified by our participants, the general view found in our study was that genetic testing in primary care is considered futuristic. In contrast, there was a sense that it would eventually become part of everyday health care. The goal of clinical genetic services, according to genetic counselors, is to improve the health of patients and families, not only in acute care but also in continuous health management for future generations.
Category 2: Information requirements
Based on a basic genetic services delivery model-the PatientDoctor-Counselor Model, we summarized the genetic information use and access requirements in Figure 1 . The main steps in this formal genetic service program are (1) a patient presents with symptoms or concerns of a genetic disorder at a doctor's office (GP or specialist). Based on relevant knowledge and experience, the doctor might believe a genetic test to be useful for diagnosis, prognosis, or treatment. (2) Therefore, the doctor makes a referral to a regional genetic service office, where genetic counselors evaluate and sort referrals in a triage process. (3) In a face-to-face meeting with the patient, a genetic counselor (or a clinical geneticist, if a diagnosis is not given by the referring doctor) assesses the disease risk; and if a genetic test is relevant and available, they counsel the patient about testing and explain the possible results and their implications, e.g., implications for insurance. If the patient consents to the test, this is then arranged by the genetic counselor. (4) The patient needs to go to a general medical laboratory for sample collection (often a blood sample), which is sent to an accredited genetic testing laboratory according to a waiting list in the regional genetic service office. (5) Laboratory scientists perform the test and record any detected abnormality and its interpretation in a laboratory report. (6) Based on this report, the genetic counselor writes an explanatory letter suggesting surveillance recommendation and/or management intervention. After counseling the patient about this result, the genetic counselor stores the doctor referral, family history, family tree, laboratory report, and explanatory letter into a family folder. This folder will be kept indefinitely in the genetic service office as a reference for family members and future generations. On patient consent, copies of the laboratory report and explanatory letter can be sent to health care providers.
When a patient is routed through the genetic services system by the Patient-Doctor-Counselor Model, documentation is kept as the patient's medical record at the doctor's office, doctor's written referral to the regional genetic service office, genetic test report by a testing laboratory, explanatory letter given to patient by genetic counselor, and the family folder in genetic service office. Beyond the key parties inside this model (the patient, doctor, genetic counselor, and laboratory scientist), external use of the information may be required by additional parties. These include family members of the patient, health care profession- als, genetic services governance authorities, health insurance companies, and genetics researchers. Given all these requests, a regional genetic service director concluded that the current data distribution principles for genetic test results are (a) because a patient wishes it to be and (b) because it is going to benefit the patient in some way.
In Figure 1 , the data flow inside the Patient-Doctor-Counselor Model and those extending from it demonstrate the information needs of multiple stakeholders involved in delivering high-quality health care. Many participants acknowledged the gap between the current incoherent data management practices and an ideal system environment that supports information flows, KM (especially research data dissemination), and stakeholder communication. Opportunities present themselves to improve the storage and sharing of genetic test results and genetic testing-related information. It was understood by all interviewees that the provision of clinical genetic services requires primary, secondary, and tertiary health systems to interact with regional genetic service offices and laboratory services. However, concerns were raised regarding the inconsistency, inefficiency, and nonstandardization in the current documentation style and information transfer practices. The isolated storage of genetic test results may jeopardize the quality of acute care, disease management, and health care planning. It was also recognized that there is a lack of resources and standards for genetic data dissemination, especially in terms of contributing to global genetic knowledge bases and distributing results in families. A genetic counselor mentioned:
It would be nice to know-why people haven't come forward for testing sometimes, the family. But we've got no way of knowing that. That's invading their privacy. We can't go contacting them.
With this question on the efficacy of family communication, we went out seeking more patients to interview and discovered a range of issues entangled with the distribution of genetic test results in families. It is often a burden on the patients themselves, as they often feel guilty and are themselves critically ill; there is a lack of information support for patients and family members; and there are complex implications in terms of ethical dilemmas and privacy challenges. Communication can potentially be more effective in the Ma ori cultural context, where a genetic counselor may discuss results at a hui (formal meeting) of the wha nau (extended family) but alternatively where elders may decide against dissemination of the results.
Category 3: Regulation and governance effectiveness
Clinicians participating in genetic services delivery felt that they were at times inventing principles around genetic information use and disclosure. Many of our participants believed that How do the normal ethical constraints, about doing no harm and providing information when necessary to protect somebody's life or health, apply when it's not just information about the person taking the test? … How does the generality of genetic information, inasmuch as it relates to multiple people at a time, interact with the ethical and legal constraints on disclosure?
Additional ethical implications of genetic test results add even more sensitivity into the information. For instance, reproductive choices are affected because the mutations contained in a sperm or egg (germline mutations) may be passed to offspring. 8, 33 Another ethical and legal challenge is the access right by health insurance providers who can exclude coverage related to a mutation. In practice, the genetic information disclosure to family members and insurers (both as a third party) follows the Human Genetics Society of Australasia's best practice guideline on consent process, which aims to protect patients' right to confidentiality and privacy. However, New Zealand has no equivalent legislation to the US Genetic Information Nondiscrimination Act 34 to protect patients against genetic discrimination.
Category 4: Clinicians' knowledge about genetic testing
During the interviews, it also became clear that the clinicians' attitudes toward clinical genetic services are largely influenced by the clinical usefulness and the health outcomes of genetic testing. Even the clinicians who already used genetic testing in patient care still need clear protocols and guidelines to support the process. Information support is needed to involve the rest of health care providers in the genetic service delivery system, such as information about clinical utility and availability of genetic tests, about disease risk assessment protocols, referral processes, and clinical guidelines. A GP related: "Genetic information would perhaps apply more specifically to genetic markers, and we might want to see a few more instances before a clearer picture emerges." Genetics education for health professionals has been recognized as a critical factor to develop genetic services capacity in Scotland, 35 Australia, 36 and New Zealand, 13 especially considering the rapidly developing genetic testing technologies.
Category 5: Genetic testing technologies and (private) laboratory resources
In New Zealand, a number of genetic tests for cancers and some rare disorders are using highly specialized and accredited overseas laboratories, e.g., BRCA1 and BRCA2 testing in Australia. New Zealand laboratories also accept test requests from overseas, e.g., Delta F508 mutation detection for cystic fibrosis. Also available to patients are the private "direct to consumer" genetic testing services. 37 In terms of the genetic testing technology itself, several participants mentioned the next generation sequencing technology. 38 Some believed that within 5 or 10 years, this technology would enable the sequencing of any patient's whole genome. Managing the huge volumes of the sensitive data produced by these new sequencing technologies would then present a novel and fundamental challenge for genetic information management in the genetic services delivery system. In addition, our study has identified three barriers (as three data themes in the next section) that are inhibiting this health service to deliver better health care outcomes.
Data themes
Throughout the open coding, axial coding, and selective coding on participant comments, we constantly compared the emerging messages with the five initial data categories (based on the first 10 interviews). Three themes emerged by defining the relationships among all interview data categories when we reached data saturation, which was achieved with the theoretical sampling technique. For instance, we sampled medical specialists, patients, and insurers aiming to use their perspectives to check any possible contradiction of understandings. Using the general inductive analysis method, we clustered all 110 open codes from the whole interview data set into three data themes, as numbered in Figure 2 .
The data analysis focused on discovering the diverse degrees of understandings among similar and different stakeholder groups, the relationships among discussed topics, and the conflicting opinions on approaches to solving problems. Three themes emerged from this analysis and were validated by data triangulation with literature and our notes, as well as by applying HAL modeling technique again. The resulting themes are as follows:
1. The multiple operation models in the New Zealand genetic services system. 2. The inhibited genetic data sharing. 3. The barriers to wider use of genetic information.
Theme 1: Four genetic services delivery models are available to New Zealand patients
Contrary to our expectations derived from the structure and service access processes in the New Zealand health system, three variations of the Patient-Doctor-Counselor Model were identified. They are the Patient-Doctor-Lab Model, the Patient-Counselor-Lab Model, and the PatientLab (Commercial) Model. Each of these four available models involves different parties, varied processes, and data flows, as compared in Figure 3 . They operate with various doctor referral processes and nonstandardized documentation styles, see also Ref. 39 . With these differences, the communication of genetic test results and their implications is not managed in a systematic manner. Inadequate information is available to stakeholders; incomplete documentation is recorded in some models; and there is little support for communication or result dissemination.
One noticeable issue with the Patient-Doctor-Counselor Model (Fig. 3.1) is that the referring doctors do not receive the test results in a timely fashion. A medical specialist described the experience: "You just don't know what's happening, you send off a request and it goes into a long black hole." The Patient-Doctor-Lab Model (Fig. 3. 2) demonstrates that clinicians can order some tests directly from a genetic testing laboratory without routing through genetic services, e.g., the hemochromatosis gene test for hemochromatosis diagnosis. However, the doctor's note does not keep a comprehensive family folder as in genetic service offices. In the Patient-Counselor-Lab Model (Fig. 3.3) , if a pathogenic mutation has been identified in a family, family members may bypass the doctor and contact genetic counselors directly; subsequently, their doctors may not be informed about the test result. The Patient-Lab (Commercial) Model (Fig. 3.4) is made possible by private companies that offer "direct to consumer" genetic testing, such as 23andMe. 40 
Fig. 2. The emergent themes of the study.
Most participants in our study perceived this last model as dangerous because commercial services may use unaccredited laboratories, may not offer proper counseling, and may not comply with existing guidelines.
Theme 2: Genetic data sharing is inhibited
Theme 2 emerged from the interview data relating to genetic information dissemination. We found that the distribution of genetic test results was limited in both individual sharing (e.g., family communication of the clinical implications of a pathogenic mutation) and aggregated sharing (e.g., research data dissemination to global knowledge bases). Several issues were perceived as barriers to sharing genetic information for health care purposes, including technological, organizational, institutional, legal, ethical, and social issues. Our study identified a lack of IT support for information circulation (e.g., with outof-date reporting systems in genetic testing laboratories), several ethical and legal challenges (e.g., an obvious question emerged: now that I've got the result, what can I do with it and what must I do with it?), complex patient needs versus patient rights (e.g., the burden and difficulty of family communication), and gaps in New Zealand policies (e.g., to protect patients against genetic information misuse, discrimination, and health inequality).
A significant factor inhibiting genetic data sharing is the sensitivity levels of genetic information. For instance, a test result that indicates a genetic predisposition for adverse drug reaction to warfarin is not as sensitive as that of a carrier status result that is associated with a severe disability or a significantly shortened life expectancy. This sensitivity level seemed to have strong indications for a patient's intent to share the information or not, e.g., with their care givers and family members. It also determines genetic service providers' protocols for protecting the family's privacy. However, the experience from managing traditional sensitive medical data, such as HIV status, has proven that the development of a legislative framework can lead to a rapid change of attitude toward the data sharing. For instance, the Human Rights Act prohibits discrimination against people with HIV. 41, 42 As a result, HIV test results have become more mainstream medical data and hospitals no longer deliberately suppress them. Similarly, until a legislative framework is established to support and protect individuals with genetic test results, some genetic information may remain sensitive and, therefore, not shared for health care or research purpose.
Given the challenges in genetic data sharing, divided attitudes were noted among participants toward whether genomics is something new and requiring a different approach in the health care delivery. Some had concerns about the possible information misuse when keeping genetic information, which they considered to be a unique type of data, in an electronic form permanently. Others acknowledged the shared nature and prognostic power of genetic data but proposed to store and use them as any other medical data. In addition to the data sharing barriers, we have identified other barriers to a wider use of genetic testing.
Theme 3: There are barriers to a wider use of genetic testing
The impediments to wider use of genetic testing technology, beyond inhibition about the sharing of genetic test results per se, include the variable understanding of genetic test utilities, particularly in clinicians, and the inadequate capacity of clinical genetic services. The uncertain clinical utility of genetic tests and the associated gaps in clinician knowledge present a major barrier to involving health care providers in genetic services delivery. Our study participants reported scarcity of information available to clinicians regarding (1) clear evidence for test utilities, (2) protocols for choosing among multiple test pathways, and (3) clinical guidelines for deciding among many possible patient management actions based on the test results, see also Ref. 43 . Clinicians seem to help in identifying the clinical utility of genetic tests and developing core competencies. They need support with the key tasks in delivering genetic services, such as assessing disease risks, identifying the benefits and availability of genetic tests, streamlining referral processes, and managing patients according to test results.
Another barrier in genetic services delivery is the service capacity, in terms of counseling workforce, laboratory facilities, and other resources such as funding. The World Health Organization recommended one clinical geneticist and two genetic counselors per 500,000 population; thus, the 4 million New Zealanders need eight clinical geneticists and 16 genetic counselors. 44 We have roughly the equivalent of five full-time clinical geneticists and nine full-time genetic counselors, which is just above half the number recommended by the World Health Organization. Laboratory facilities in New Zealand are also limited. A range of genetic tests can be done by laboratories in New Zealand, but a number of routine genetic tests and some rare disorders tests are conducted overseas, including BRCA1 and BRCA2 testing in Australia. Funding problems lead to rationed prioritization processes and waiting lists, with some people waiting as long as 3 years for nonurgent tests.
In the mean time, international health systems are starting to share genetic test results to deliver quality care. This is because internationally scattered family members share genetic characteristics. Both permanent and, increasingly with internationalization of the workforce, for a term of a few years, flow through is very common in many countries. For instance, at the time of the 1996 New Zealand Census, there were 605,019 people living in New Zealand who were born overseas, making up 17.5% of the resident population. 45 The New Zealand population remains highly mobile, with 82,700 permanent or longterm arrivals and 72,600 departures in the 2006/2007 financial year. 46 Considering these flow throughs and the mobile population, the provision of quality health care requires international health systems to interact with each other. This demands support for communication and cooperation among genetics centers, testing laboratories, care facilities, and funding agencies.
Grounded theory: Emergence and verification
Each of the above three data themes was underpinned by the responses of a diverse range of stakeholders. In addition, each theme represented a distinct set of forces that impair the realization of the full potential of genetics knowledge in health delivery. The amelioration of these impediments should be the cornerstone of any strategy to achieve higher utilization, and thus maximum benefit, from medical genetics. Therefore, we summarized the findings of this study into a theory of unleashing the power of human genetic variation knowledge: to realize Genetics IN 
Unleashing human genetic variation knowledge the full potential of human genetic variation knowledge for better health care outcomes, we need to overcome the challenges of multiple service models, the inhibitors for genetic data sharing, and the barriers to wider use of genetic testing. The HAL technique was applied to verify the above theory. A 40 ϫ 40 HAL matrix was computed, and 40 terms were identified with the highest HAL score. Examining these 40 terms, we created the thematic clusters of concepts from our interview data, as shown in Figure 4 .
Examining Figure 4 , these HAL-identified frequent concepts have all been presented in the data categories and themes from qualitative analysis. According to this result, we (a) added five more stop words (as identified in the right top corner of Fig. 4) , (b) combined terms with common stems or meaning into domain concepts (as circled in the Fig. 4) , and then (c) recomputed HAL and extracted a 10 ϫ 10 term-term matrix. The 40 most frequently occurring term-term pairs were extracted from this matrix and compared with our data themes and final theory. Table 3 divides these pairs into three groups-(1) term-term pairs indicating a close relationship between two concepts, (2) term-term pairs forming one concept, and (3) the concepts that frequently cooccur with themselves.
Comparing our final theory with Table 3 shows that our results based on the qualitative grounded theory approach have covered the most discussed domain concepts in our interviews. Moreover, a couple of interesting pairs caught our attention from the HAL calculation, including cancer_breast and insurance_insurance. Although we did not produce a specific theory on breast cancer, its appearance in Table 3 does not contradict our results, because breast cancer was a dominant case in the interviews. It was frequently referred to by health care professionals, genetic counselors, laboratory scientists, patients, and insurance providers. The intensified concept of "insurance" by its frequent cooccurrence with itself does indicate the participants' strong interest in commenting about insurance and insurance related issues. We discussed its relevance in our second theme regarding genetic data sharing and regarding the ethical and legal implications of genetic information. The relationships between the concepts that surfaced from the HAL matrix validate our qualitative analysis in that they fall within the scope of our data themes.
IT/KM opportunities
Participant comments in our study identified several opportunities for refining and better supporting the existing health information practices. These opportunities include to store and share genetic test results with consideration on the complexity of genetic data and their implications for the health of individuals and their relatives and descendants, to standardize the specialized genetic concepts and terminology, to share genetic data beyond the scope of everyday clinical care (e.g., for KM purpose), to organize information in decision support systems (DSS), and to realize the vision for electronic referral systems (e-Referrals) as put forth in the New Zealand Health Information Strategy Advisory Committee. Health Information Strategy Advisory Committee pointed out that future e-Referrals should facilitate referrals tracking, electronic status reports, acknowledging referral receipts, and generating alerts if service level timeframes are not met. 47 Technologies such as e-Referrals, DSS, and electronic health record (EHR) or personal health record (PHR) systems may have the potential to support key tasks in the clinical genetic services delivery. Key technologies and their functions are summarized in Table 4 .
The ultimate goal of IT/KM tools (as listed in Table 4 ) is to facilitate the processes of knowledge creation, integration, sharing, and reuse by supporting the flow of genetic data that are represented in structure and are interpretable through all stakeholders. For instance, knowledge needs to be transferred from genetics science to clinical practice (supported by tools such as DSS for clinicians during key tasks in service delivery). It should also feed back to the body of the human genetic variation knowledge through data sharing. PHR may facilitate the sharing of test results and risk information among family members. e-Referrals have the potential to share test status updates across health sectors. Social networking tools, such as online patient support groups, are useful to share knowledge and experiences in the community. Gene ontologies and submission tools (with appropriate deidentification approach) are essential in data dissemination to knowledge bases. Moreover, knowledge networks among clinicians, genetic counselors, and laboratory scientists, as well as with patients and family members, will be enhanced through better communication support and information support. Health outcomes may be improved as a result of growing the capacity of the genetic services system through technology implementation.
DISCUSSION
The findings from our stakeholder study in the New Zealand genetic services delivery system have highlighted challenges surrounding medical genetic data sharing and usage. We have suggested some IT opportunities to better support human genetic variation KM. It is also essential to build innovations within an ethical and policy framework that will protect patients from genetic information misuse. 
Significance
Medical genetic testing is starting to change clinical practice in many nations. This grounded study featured semistructured interviews with 48 participants spanning a wide range of stakeholders. Our research has identified several challenges for genetic information management. To realize the full potential of medical genetics knowledge for better health care outcomes, we need to overcome:
• The challenges of multiple service models.
• The inhibitors for genetic data sharing.
• The barriers to wider use of genetic testing.
We found four service delivery pathways in operation: the Patient-Doctor-Counselor Model, the Patient-Doctor-Lab Model, the Patient-Counselor-Lab Model, and the Patient-Lab (Commercial) Model. The lack of referral protocols and clinical guidelines to help clinicians choose among these models and manage patients after genetic tests presents a major barrier to their use of the genetic services. Divided attitudes are notable among our participants toward whether genomics is something requiring a different approach in health care delivery. The conflicting opinions regarding the nature and impact of genetic data are highlighted, especially their relevance to family members and their predictive power. The wider use of genetic testing technology is also impeded by the variable understanding of genetic test utilities and limited by the capacity of clinical genetic services. Taking a grounded theory approach, we identified that these factors are interrelated and relevant to stakeholder perception, attitude, utilization, and uptake of genetic testing technology and have inhibited the realization of the full potential of genetics knowledge. Given these constraints, the potential of human genetic variation knowledge in health care is on a "leash" at present.
Targeting these problems, IT opportunities were discussed to support key tasks in genetic service delivery and to assist in appropriate use and access of genetic test results. Promising tools include DSS, e-Referrals, and EHR or PHR. Implementing these technologies and KM tools (e.g., data submission and other knowledge processing tools, ontology, and knowledge networking tools) may also improve knowledge processes in the domain and enhance knowledge networks.
The study results also present an imperative for health policy makers to promote open debates on ethical and legal issues entangling the use of genetic data. Establishment of effective ethical and policy frameworks is critical to protect patients, families, and health care professionals in leveraging the power of genetic information.
Related work
A closely related investigation in New Zealand was the 2003 GP survey regarding their knowledge and practice on genetic testing. 13, 48 This national survey found that GPs felt that they lacked experience and knowledge of genetic testing, especially on the appropriate terminology and procedures. It also reported that a substantial number of GPs are not sure how to access genetic advice for their patients. Our interviews have found little change regarding GP involvement in the genetic services delivery system. It seemed that clinicians, including GPs, need help to identify the utility of genetic tests.
There are a few studies, particularly in the United Kingdom, on cancer genetics services. 15,16,49 -52 These studies have highlighted the lack of knowledge in health professionals and the urgent need to develop their core competencies for genetic services delivery. They also pointed out the lack of communication and cooperation between genetics centers, and the primary, secondary, and tertiary health care providers. We have identified similar problems in the New Zealand context. However, the multiple service models we found differ from the single Patient-Doctor-Counselor Model in the United Kingdom. With multiple models in operation, clinicians need clear protocols for referral processes and clinical guidelines for managing patients.
Relevant work has also been conducted in the United States. The Department of Health and Human Services' Personalized Health Care Initiative is creating a foundation on which IT that supports personalized, predictive, and preemptive health care can be built. 53 The Personalized Health Care Workgroup of the American Health Information Community is developing recommendations to facilitate data capture, storage, transmission, and use in clinical decision support, taking into account the issues related to standard reporting and incorporation of medical genetic or genomic tests and family health history data in the EHR. 53 A 2009 study also promoted inclusion of genetic information in the EHR and highlighted the need to adopt sound privacy and security policies based on existing legislation, such as Genetic Information Nondiscrimination Act. 54 Both topics emerged from our interviews as well. The promising technologies identified in our study include DSS, e-Referrals, EHR or PHR, and KM tools such as gene ontologies. Our grounded theory approach with multiple stakeholders addressed the fundamental debates surrounding what has been inhibiting the uptake and understanding of genetic testing technology in clinical practice.
In 2004, a survey of 1000 members of the Swedish general public found that many people intended to have a genetic test; they also found that living in an affected group and having some kind of experience of a hereditary disease may lead to an even more positive attitude toward genetic testing. 55 However, it seems in our study that the knowledge level in people among the New Zealand general public about genetic testing is rather low and the attitude might be less positive. Therefore, we urge education and communication on the utility of genetic testing and open debate on the ethical and legal issues surrounding genetic information management.
Study limitation
The main limitation of this study is that it is based on personal perspectives from individual experience, which might not represent accurately the entire New Zealand genetic services system. The qualitative methods used did not engage sufficient numbers of participants to create statistically significant data; and, in any event, we were not using random sampling of a population but, conversely, deliberately seeking individuals who enhance the diversity of our stakeholder group. To some extent, our small sample size is offset by the experience of genetic counselors and clinicians, who have frequent direct interactions with large numbers of patients. The methods of theoretical sampling and data saturation supported the research rigor of our systematic grounded theory approach. In addition, we used the quantitative HAL semantic space modeling technique as one of the data triangulation methods to validate the qualitative analysis results. We have presented the New Zealand genetic services as a case study, and although we have made some comparison to the broader set of literature and policies internationally, the extent to which the New Zealand experience may apply to other jurisdictions is left largely to the reader.
Future directions
As mentioned by several participants in this study, the rapid development of genetic testing technologies, such as next generation sequencing technology, 38 will soon enable the sequencing of any patient's whole genome. In addition, new genetics knowledge is discovered in many scientific disciplines that may be applicable in health care settings, such as Nutrigenomics (which discovers gene-diet interactions that may enable rationally selecting foods for optimal health or reduced risk of chronic disease 56 ). The next question is how far off are we from routine genetic testing for everyone, with effective management of the test results for preventive and personalized medicine?
The privacy concerns that were collected in our study reveal the danger or downside in "unleashing" the power of genetic information, especially considering its social, legal, ethical, and psychological impact, which needs to be explored and debated. Of particular concern is the topic of discrimination, as our study collected people's legitimate concerns over the lack of legal protection for patients against insurance discrimination. As such, there is need for further study into potential patient harms, including distinctive concerns of specific cultural groups (e.g., Ma ori in the New Zealand context). Moreover, the philosophical debate in the light of advanced human genetics science is another interesting and useful research direction. This evokes issues of determinism, eugenics, free will, social desirability, moral responsibility, and human rights. Illustrative of the philosophical issues are technologies such as in vitro fertilization and preimplantation genetic testing as practiced in modern medicine.
Strategic planning and framework development are needed to enable more widespread participation in the active use of genetic information among health care professionals and to achieve a degree of uniformity and interoperability among nations. Establishment of such strategies and frameworks may require more research into the technical, organizational, and social issues that will open up public debate on these topics.
